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Neurons communicate by using electrical signals, mediated by 
transient changes in the voltage across the plasma membrane. 
Optical techniques for visualizing these transmembrane 
potentials could revolutionize the field of neurobiology by 
allowing the spatial profile of electrical activity to be imaged 
in real time with high resolution, along individual neurons or 
groups of neurons within their native networks. ^^'^^ Second 
harmonic generation (SHG) is one of the most promising 
methods for imaging membrane potential, although so far this 
technique has only been demonstrated with a narrow range of 
dyes.f^^ Here we show that SHG from a porphyrin-based 
membrane probe gives a fast electro-optic response to an 
electric field which is about 5-10 times greater than that of 
conventional styryl dyes. Our results indicate that porphyrin 
dyes are promising probes for imaging membrane potential. 

Studies of excitable cells, such as neurons and cardiac 
myocytes, require new methods for mapping changes in 
membrane potential, ideally with a voltage resolution of 
about 1 mV, a time resolution of 1 ms, and a spatial resolution 
of 1 |Lim.f^'^^ Microelectrodes can be used to measure trans- 
membrane potentials with excellent sensitivity and temporal 
resolution, but they do not provide subcellular spatial 
resolution. Fluorescent calcium indicators are widely used 
to probe membrane potential indirectly, through the intra- 
cellular Ca^^ concentration. However, changes in calcium 
concentration do not accurately reflect voltage transients. ^"^^ 
Fluorescent voltage-sensitive dyes were first developed 30 
years ago,^^^ and recent advances in the molecular design of 
these dyes^^"^°^ have made it possible to track the spatial 
evolution of action potentials. ^^^"^^^ Compared with fluores- 
cence, SHG imaging has several advantages as a technique for 
probing membrane potential i^^'^^"^^^ SHG has a greater intrin- 
sic sensitivity to electric fields than fluorescence,^^^"^^^ and it is 
only produced by noncentrosymmetric molecules in non- 
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centrosymmetric environments, thus making it ideal for 
probing interfaces such as lipid bilayers. Similar to two- 
photon-excited fluorescence, SHG is a two-photon nonlinear 
optical effect, and it brings the advantages of depth pene- 
tration associated with multiphoton microscopy. ^^^^ The main 
disadvantage of SHG is that it often gives lower intensity than 
fluorescence ; there is a need for the design of brighter, more 
voltage-sensitive SHG dyes.^^'^^^ Styryl dyes and retinal 
chromophores have been shown to exhibit voltage-sensitive 
SHG when localized in plasma membranes, ^^^'^"^^ and the 
voltage sensitivity of their SHG is greater than that of their 
fluorescence. ^^^"^^^ Recently we reported that amphiphihc 
porphyrins such as JRl exhibit strong SHG when localized in 
lipid membranes, f^^^ Here we compare the voltage sensitivity 
of the SHG from JRl with that from three widely studied 
styryl dyes (FM4-64, di-4-ANEPPS, and RH237) in hemi- 
spherical lipid bilayers (HLBs).^^^'^^'^^^ The results show that 
the SHG signal from the porphyrin-based dye is exceptionally 
sensitive to an electric field. 
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The sensitivity of the porphyrin dye JRl and the styryl 
dyes FM4-64, di-4-ANEPPS, and RH237 to transmembrane 
potential was investigated using the setup shown in 
Figure 1. [1^,26,27] ^^^^^ added to an aqueous solution 

of phosphate buffered saline to give a dye concentration of 
5 |LiM. A solution of diphytanoylphosphatidylcholine (DPhPC, 
30 mM) and oxidized cholesterol^^^^ (5 mn) in dodecane was 
then used to create an HLB on the end of the micropipette 
electrode, containing dye-free buffer. Changes in electrical 
potential can cause slight movement of the HLB,^^^^ so the 
focal point of the laser (850 nm, 100 fs pulses, 80 MHz) was 
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Figure i. Experimental setup for measuring voltage-dependent SHG 
(not to scale). The dye binds to the external leaflet of the HLB 
(diameter ca. 300 |a.m) and the focal point is scanned repeatedly along 
the line AB while monitoring the intensity of the SHG signal and 
applying a range of voltage steps. 



firmed by the normalized cross-correlations of the command- 
voltage waveforms with the SHG traces (R^ ^ Table 1, see also 
Figure S2 in the Supporting Information). The responses of all 
four dyes to a square wave of ±100 mV are compared in 



Table V. Performance of voltage-sensitive SHG dyes. 



Dye 


(%/100 mV) 


(%/100 mV)[''] 




JRl 


+ 23±4 


+ 27±1 


+ 0.94 


FM4-64 


+ 4.1 ±0.6 


-3.0±0.5 


-0.69 


di-4-ANEPPS 


+ 2.7±0.1 


+ 0.1 ±0.2 


-0.73 


RH237 


-1.1 ±0.1 


+ 0.8 + 0.1 


+ 0.66 



[a] ASfast/S is the response measured after 8-18 ms. [b] ASjIq^/S is the 
response measured after 340-360 ms for all dyes except JRl, where it 
was measured at 90-110 ms. Errors in ASf^JS and AS^i^^/S indicate 
standard errors from at least 6 replicates, [c] R^,, is the normalized cross- 
correlation, which measures how well the dye reports the applied 
potential waveform (see Figure S2 in the Supporting Information). 



scanned along the line AB for each apphed voltage (V^). The 
resulting SHG intensity line scans were stacked to create plots 
such as those shown for JRl (Figure 2 a) and FM4-64 
(Figure 2 c). It is immediately apparent from these raw data 
that the modulation in the SHG intensity is stronger with the 
porphyrin dye. The intensity of the SHG signal (^shg) is also 
plotted in Figure 2 as a function of time, on the same axis as 
the applied voltage. The shape of the voltage wave-train is 
more accurately reproduced by the signal generated by JRl 
(Figure 2b) than by FM4-64 (Figure 2d), and this is con- 
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Figure 2. Voltage-dependent SHG traces: a) and b) for porphyrin dye 
JRl; c) and d) for styryl dye FM4-64. Traces (a) and (c) are stacked line 
scans (time increasing downwards) while (b) and (d) show how the 
SHG signal reproduces the applied voltage waveform (dotted curve). 
Both plots are for representative single traces, without averaging. 
Traces for di-4-ANEPPS and RH237 may be found in Figure SI in the 
Supporting Information. 



Figure 3. The time resolution of these experiments is limited 
by two factors: the capacitive charging time of the HLB 
(ca. 2 ms) and the period to complete a return line scan 
through the bilayer (2-5 ms). The response of JRl to the 
applied potential is faster than the time resolution, and 
appears to be purely electro-optic (expected timescale: sub- 
picosecond). The responses of RH237, FM4-64, and di-4- 
ANEPPS are all significantly weaker, with more complex 
time evolutions. The fast and slow changes in SHG intensity 
were quantified by averaging the signal at about 13 ms after 
the voltage step (ASf^JS) and at about 350 ms after the 
voltage step (AS^i^w^S), to give the data in Table 1 and 
Figure 4. 

We chose to compare JRl directly with three previously 
studied styryl dyes, under identical conditions, because earlier 
work has shown that a dye's response to an electric field can 
depend on experimental parameters such as the composition 
of the lipid bilayer, the laser wavelength, and the time scale of 
the measurement.f^'^'^'^'^^^ Our results for FM4-64, di-4- 
ANEPPS, and RH237 are broadly in line with previously 
published studies on these dyes, although this is the first time 
that all three dyes have been compared under identical 
conditions in HLBs. FM4-64 has been reported to give SHG 
responses in the range AS/S per 100 mV = 5-15 %,[^^-^'''^^-^^^ 
which is slightly larger than our value (ca. 4%). Previous 
studies indicate that the response from FM4-64 contains a fast 
electro-optic component and a slower component attributed 
to molecular realignment. ^^^'^^^ The reported SHG response of 
di-4-ANEPPS at 850 nm is AS/S per 100 mV= 18.5%, with 
a response time of 71 msP^'^^^ We detected a small instanta- 
neous electro-optic response for di-4-ANEPPS (AS/S per 
100mV = 2.7%), followed by a slow response with the 
opposite sign, thereby leading to essentially no overall 
change in the signal for a time window of 350 ms. This type 
of cancellation between fast and slow components has been 
reported previously in other styryl dyes.^^"^^ RH237 has been 
reported to give SHG responses in the range AS/S per 
100 mV = 9-17 % on a slow time scale (ca. 10 s) ; under the 
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Figures. Kinetic traces. Change in SHG intensity caused by an 
alternating transmembrane potential of = ±^00 mV (dotted curve) 
for a) JRl, b) FM4-64, c) di-4-ANEPPS, and d) RH237. Traces (b)- 
(d) are averages over 4, 3, and 4 experiments, respectively. 
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Figure 4. Plot of the change in SHG intensity (AS^i^JS) against 
applied potential for JRl (blue squares), FM4-64 (green triangles), di- 
4-ANEPPS (red circles) and RH237 (gray squares). The gradients of 
these lines were used to determine the values of AS^i^^/S (% per 
100 mV) in Table 1 . (Error bars defined as in Table 1 .) 



conditions of our experiment, it is the least responsive of the 
styryl dyes. 

Previous studies have demonstrated that FM4-64 is an 
effective dye for detecting transmembrane voltages by SHG, 
and it has already been used to probe action potentials in 
neuronsJ^^"^^'^^'^^^ Thus the observation that JRl out-performs 
FM4-64, giving a fast response which is more than 5 times as 
voltage sensitive, implies that porphyrin-based dyes could be 
useful for detecting electrical signals in excitable cells. 

The high sensitivity of JRl to an electric field is probably 
a consequence of its molecular hyperpolarizability. The 
intensity of the SHG signal S from an ensemble of oriented 
dye molecules depends quadratically on the first hyperpolar- 
izability of the dye /3, the number density A^, and the incident 
light intensity /q, according to Equation (1) (where the 
constant of proportionahty G accounts for factors such as 
dye orientation). 



S^GI3^N^ lo- 



rn 



In the presence of an electric field E, the effective 
hyperpolarizabihty is related to the second hyperpolariz- 
ability of the dye y by Equation (2). 



yE 



(2) 



Combining Equations (1) and (2) shows that the field 
sensitivity of the dye is related to its nonlinear optical 
susceptibilities by Equation (3): 



AS/S-- 



2yE / yE 



(3) 



We carried out sum-over-state calculations, ^^^^ in combi- 
nation with Thomas-Kuhn sum rules analysis^^^'^^^ to estimate 
the relevant values of P(—2(o,(o,a)) and y(— 2cl>,cl>,cl>,0), where oj 
is the photon frequency for JRl and di-4-ANEPPS at the 
wavelength of our experiments (850 nm; see the Supporting 
Information). These two molecules have similar /3 values at 
850 nm, whereas y is substantially larger in the porphyrin dye, 
thus giving calculated field sensitivities of AS/S of 5.5 % for 



9046 www.angewandte.org 



© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 



Angew. Chem. Int. Ed. 2013, 52, 9044-9048 



Angewandte 

International Edition Chemie 



JRl and 0.72% for di-4-ANEPPS, for a potential of 100 mV 
(assuming that the membrane can be approximated to an 
insulating slab of thickness 3 nm^^^^^). Although these calcu- 
lations involve a number of approximations, they reproduce 
the observed trend in field sensitivity, thus indicating that the 
fast signal from JRl (AS/S of 23 % per 100 mV) is an electro- 
optic response originating from its large second hyperpolar- 
izability. The greater voltage sensitivity of JRl compared with 
the styryl dyes can be seen as a manifestation of the scaling 
behaviors of nonlinear optical susceptibilities; there is no 
simple scaling law, but the ratio y/fi generally increases with 
the size of the Jt system J'^^"'^'^^ Equation (3) indicates that, in 
general, the sensitivity of a dye to electric field (AS/S) will 
increase as the jc systems becomes larger and more polar- 
izable. 

The high polarizability of porphyrin-based jt systems, and 
the scope for strong resonance enhancements from transitions 
with high oscillator strengths, gives rise to a rich variety of 
nonlinear optical effects including large first and second 
hyperpolarizabilitiesJ"^^"^^^ Conjugated porphyrin dimers 
exhibit much larger third-order susceptibilities (y) than the 
corresponding porphyrin monomers, ^"^^"^^^ thus Equation (3) 
implies that dimeric analogues of JRl will display even higher 
sensitivities to electric field. Previous studies on voltage- 
sensitive SHG dyes have focused entirely on styryl and retinal 
chromophores. The results reported here show the JRl out- 
performs these dyes by a factor of 5-10, and indicate that 
porphyrin-based dyes may be useful for probing fast changes 
in membrane potential. 

Received: May 25, 2013 
Published online: July 16, 2013 

Keywords: dyes • membrane potential • membranes • 
nonlinear optics • porphyrinoids 



[1] M. Scanziani, M. Hausser, Nature 2009, 461, 930-939. 

[2] D. S. Peterka, H. Takahashi, R. Yuste, Neuron 2011, 69, 9-21. 

[3] J. E. Reeve, H. L. Anderson, K. Clays, Phys. Chem. Chem. Phys. 

2010, 72, 13484-13498. 
[4] C. Grienberger, A. Konnerth, Neuron 2012, 73, 862-885. 
[5] L. M. Loew, /. Biochem. Biophys. Methods 1982, 6, 243-260. 
[6] P. Fromherz, G. Hiibener, B. Kuhn, M. J. Hinner, Eur Biophys. J. 

2008,57,509-514. 
[7] X Bradley, R. Luo, T. S. Otis, D. A. DiGregorio, /. Neurosci. 

2009, 29, 9197-9209. 
[8] E.W. Miller, J. Y. Lin, E. P Frady, PA. Steinbach, W. B. 

Kristan, Jr., R. Y. Tsien, Proc. Natl. Acad. Sci. USA 2012, 109, 

2114-2119. 

[9] P Yan, C. D. Acker, W.-L. Zhou, P Lee, C. BoUensdorff, A. 
Negrean, J. Lotti, L. Sacconi, S. D. Antic, P. Kohl, H. D. 
Mansvelder, F. S. Pavone, L. M. Loew, Proc. Natl. Acad. Sci. 
USA 2012, 109, 20443-20448. 
[10] A. Fin, A. V. Jentzsch, N. Sakai, S. Matile, Angew. Chem. 2012, 
724, 12908-12911; Angew. Chem. Int. Ed. 2012, 51, 12736- 
12739. 

[11] L. Sacconi, C. Ferrantini, J. Lotti, R. Coppini, P. Yan, L. M. 

Loew, C. Tesi, E. Cerbai, C. Poggesi, F. S. Pavone, Proc. Natl. 

Acad. Sci. USA 2012, 109, 5815-5819. 
[12] C.-B. Chien, J. Pine, Biophys. J. 1991, 60, 697-711. 
[13] T. J. Ebner, G. Chen, Prog. Neurobiol. 1995, 46, 463-506. 



[14: 

[15 

[16: 

[17 

[18: 
[19: 
[2o: 

[21 

[22: 

[23 

[24: 

[25 

[26: 
[27: 
[28: 

[29: 

[3o: 

[31 

[32: 

[33 

[34: 

[35 

[36: 

[37 

[38: 

[39 

[4o: 

[41 

[42: 
[43: 
[44: 

[45: 

[46: 



M. A. Popovic, A. J. Foust, D. A. McCormick, D. Zecevic, /. 
Physiol. 2011, 589, 4167-4187. 

O. Bouevitch, A. Lewis, L Pinevsky, J. P. Wuskell, L. M. Loew, 
Biophys. J. 1993, 65, 672-679. 

D. A. Dombeck, M. Blanchard-Desce, W. W. Webb, /. Neurosci. 
2004, 24, 999-1003. 

D. A. Dombeck, L. Sacconi, M. Blanchard-Desce, W. W. Webb, 
/. Neurophysiol. 2005, 94, 3628-3636. 

J. Jiang, K. B. Eisenthal, R. Yuste, Biophys. J. 2007, 93, L26- 
L28. 

M. Nuriya, J. Jiang, B. Nemet, K. B. Eisenthal, R. Yuste, Proc. 
Natl. Acad. Sci. USA 2006, 103, 786-790. 
A. C. Millard, L. Jin, M. Wei, J. P Wuskell, A. Lewis, L. M. 
Loew, Biophys. J. 2004, 86, 1169-1176. 

A. C. Millard, J. Lin, J. P. Wuskell, D. M. Boudrea, A. Lewis, 
L. M. Loew, /. Membr Biol. 2005, 208, 103-111. 

F Helmchen, W. Denk, Nat. Methods 2005, 2, 932-940. 

C. Barsu, R. Cheaib, S. Chambert, Y. Queneau, O. Maury, D. 
Cottet, H. Wege, J. Douady, Y. Bretonniere, C. Andraud, Org. 
Biomol. Chem. 2010, 8, 142-150. 

B. A. Nemet, V. Nikolenko, R. Yuste, /. Biomed. Opt. 2004, 9, 
873-881. 

J. E. Reeve, H. A. Collins, K. De Mey, M. M. Kohl, K. J. Thorley, 
O. Paulsen, K. Clays, H. L. Anderson, /. Am. Chem. Soc. 2009, 
757,2758-2759. 

L. M. Loew, L. L. Simpson, Biophys. J. 1981, 34, 353-365. 
R. Dragsten, W. W. Webb, Biochemistry 1978, 77, 5228-5240. 
H. T. Tien, Bilayer Lipid Membranes, Theory and Practice. 
Marcel Dekker, New York, 1974. 

L. Moreaux, T. Pons, V. Dambrin, M. Blanchard-Desce, J. Mertz, 
Opt. Lett. 2003, 28, 625-627. 

L. Sacconi, M. DAmico, F. Vanzi, T. Biagiotti, R. Antolini, M. 
Olivotto, F S. Pavone, /. Biomed. Opt. 2005, 10, 024014. 
J. Jiang, R. Yuste, Microsc. Microanal. 2008, 14, 526-531. 
P. Theer, W. Denk, M. Sheves, A. Lewis, P. B. Detwiler, Biophys. 
J. 2011,100, 232-242. 

L. Sacconi, D. A. Dombeck, W. W. Webb, Proc. Natl. Acad. Sci. 
USA 2006, 103, 3124 - 3129. 

T. Pons, L. Moreaux, O. Mongin, M. Blanchard-Desc, J. Mertz, /. 
Biomed. Opt. 2003, 8, 428-431. 

L. Sacconi, J. Mapelli, D. Gandolfi, J. Lotti, R. P. O'Connor, E. 

DAngelo, F. S. Pavone, Opt. Express 2008, 16, 14910-14921. 

M. Nuriya, M. Yasui, /. Biomed. Opt. 2010, 15, 020503. 

B. J. Orr, J. F Ward, Mol. Phys. 1971, 20, 513-526. 

X. Hu, D. Xiao, S. Keinan, L Asselberghs, M. J. Therien, K. 

Clays, W. Yang, D. N. Beratan, /. Chem. Phys. C 2010, 774, 2349 - 

2359. 

K. De Mey, J. Perez-Moreno, J. E. Reeve, L Lopez-Duarte, L 
Boczarow, H. L. Anderson, K. Clays, /. Phys. Chem. C 2012, 776, 
13781-13787. 

S. Tristram-Nagle, D. J. Kim, N. Akhunzada, N. Kucerka, J. C. 
Mathai, J. Katsaras, M. Zeidel, J. F. Nagle, Chem. Phys. Lipids 
2010, 163, 630-637. 

M. G. Kuzyk, Phys. Rev. Lett. 2000, 85, 1218-1221. 

D. R. Kanis, M. A. Ratner, T. J. Marks, Chem. Rev. 1994, 94, 
195-242. 

J. L. Bredas, C. Adant, P. Tackx, A. Persoons, B. M. Pierce, 
Chem. Rev 1994, 94, 243-278. 

S. R. Marder, W. E. Torruellas, M. Blanchard-Desce, V. Ricci, 
G. L Stegeman, S. Gilmour, J.-L. Bredas, J. Li, G. U. Bublitz, 
S. G. Boxer, Science 1997, 276, 1233-1236. 
M. O. Senge, M. Fazekas, E. G. A. Notaras, W. J. Blau, M. 
Zawadzka, O. B. Locos, E. M. Ni Mhuircheartaigh, Adv. Mater 
2007, 79, 2737-2774. 

S. M. LeCours, H.-W. Guan, S. G. DiMagno, C. H. Wang, M. J. 
Therien,/. Am. Chem. Soc. 1996, 118, 1497-1503. 



Angew. Chem. Int. Ed. 2013, 52, 9044-9048 



© 2013 Wiley-VCH Verlag GmbH &. Co. KGaA, Weinheim 



www.angewandte.org 9047 



wanate 

Communications 



[47] T.-G. Zhang, Y. Zhao, I. Asselberghs, A. Persoons, K. Clays, 

M. J. Therien, /. Am. Chem. Soc. 2005, 727, 9710-9720. 
[48] N. Jiang, G. Zuber, S. Keinan, A. Nayak, W. Yang, M. J. Therien, 

D. N. Bertan, /. Phys. Chem. C 2012, 776, 9724-9733. 
[49] H. L. Anderson, S. J. Martin, D. D. C. Bradley, Angew. Chem. 

1994, 106, 111- 713 ; Angew. Chem. Int. Ed. Engl. 1994, 33, 655 - 

657. 



[50] J. R. G. Thorne, S. M. Kuebler, R. G. Denning, I. M. Blake, R N. 

Taylor, H. L. Anderson, Chem. Phys. 1999, 248, 181-193. 
[51] M. Drobizhev, Y. Stepanenko, Y. Dzenis, A. Karotki, A. Rebane, 

R N. Taylor, H. L. Anderson, /. Am. Chem. Soc. 2004, 726, 

15352-15353. 



9048 www.angewandte.org 



© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 



Angew. Chem. Int. Ed. 2013, 52, 9044-9048 



